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Description 

TRANSPARENT POLYMER CARBON 
NANOTUBE COMPOSITES AND PROCESS 

FOR PREPARATION 

Cross Reference to Related Applications 

[0001] This application is a continuation-in-part of U.S. Provi- 
sional Patent Application Serial No. 60/319,467 filed Au- 
gust 13, 2002. 
Background of Invention 

[0002] Carbon nanotubes were discovered in 1991 by lijima on 

the negative electrode during the direct current arching of 
graphite for the preparation of fullerenes. Nanotubes are 
concentric graphitic cylinders closed at either end due to 
the presence of five membered rings. Carbon nanotubes 
can either be multi walled or single walled. Multi-walled 
nanotubes (MWNT) have a central tubule surrounding 
graphitic layers whereas single walled nanotubes (SWNT) 
have only one tubule and no graphitic layers. 



[0003] Single-walled carbon nanotubes (SWNT) have moved to 
the forefront of present and future nanoscale discoveries 
that will serve as a portal into the enhancement of modern 
technology. Many different applications of carbon nan- 
otubes have recently been developed, including the use of 
nanoscale transistors and chemical sensors. Carbon nan- 
otubes exhibit a high aspect ratio, mechanical strength, 
and high moduli. These properties have spurred an inter- 
est in fabricating polymer-nanotube composites. 

[0004] Composites are developed to achieve desired properties 
that cannot be obtained from the individual components. 
By fabricating materials with properties of the individual 
components and creating a material with novel properties 
that are specific to the composite and not to the individual 
components, a stronger and more useful material exists. 
As a result, polymer-nanotube composites have several 
useful applications such as structural supports for build- 
ing, spacecrafts, and military aircrafts, non-linear optics, 
nano-wires, battery cathodes and ionics. 

[0005] Various methods are known in the art to disperse carbon 
nanotubes in a polymer matrix. These known methods in- 
clude: (1) solution mixing of polymer and carbon nan- 
otubes; (2) a combination of sonication and melt process- 



ing; (3) melt blending and; (4) in-situ polymerization in 
the presence of nanotubes. 

[0006] Advancements are known in the art providing methods of 
carbon nanotube dispersion in a polymer matrix, however 
the resulting nanocomposites produced to date exhibited 
limited transparency in the visible range. 

[0007] There remains a need, therefore, for a method of prepara- 
tion for nanocomposites that overcomes the shortcoming 
previously experienced with the dispersion of CNTs in 
polymer matrices. The resulting novel nanocomposites 
exhibit increased transparency and improved dielectric 
properties. 

[0008] However, in view of the prior art considered as a whole at 
the time the present invention was made, it was not obvi- 
ous to those of ordinary skill in the pertinent art how the 

identified need could be fulfilled. 
Summary of Invention 

[0009] Unknown;Anton J. Hopen;According to a preferred em- 
bodiment, the present invention provides a method of 
preparing a polymer-carbon nanotube composite. The 
method comprises deinhibiting a monomer, dispersing 
carbon nanotubes in the deinhibited monomer, adding an 
initiator to the resulting dispersion, polymerizing the 



monomer in the presence of the dispersed nanotubes and 

initiator to form a composite, and dissolving the resulting 

composite in a solvent. 
[0010] | n an additional embodiment, the carbon nanotubes are 

selected from the group consisting of single-walled and 

multi-walled carbon nanotube. 
[0011] | n y e t another embodiment, the carbon nanotubes are 

pure single-walled carbon nanotubes. 
[0012] in a preferred embodiment, the monomer is a vinyl 

monomer belonging to the family of acrylates. 
[0013] According to another embodiment, the monomer is 

methyl methacrylate. 
[0014] in another embodiment, the inhibitor in the methyl 

methacrylate monomer is removed utilizing monoethyl 

ether hydroquinone inhibitor remover. 
[0015] in an additional embodiment, dispersing the nanotubes is 

affected through sonication. 
[0016] in a preferred embodiment, the photoinitiator is substan- 
tially transparent. 
[0017] in yet another embodiment, the initiator is an a, adialkyl 

derivative of ahydroxyalkylphenone. 
[0018] in an additional embodiment, the initiator is 

l-phenyl-2-hydroxy-2-methyl-l propanone. 



[0019] | n a preferred embodiment, nitrogen gas is bubbled 

through the mixture in order to reduce the prescence of 
oxygen in the system which may result in unwanted 
byproducts in the reaction In another embodiment, poly- 
merizing the dispersion is achieved utilizing ultraviolet 
light. 

[0020] | n an additional embodiment, polymerizing the dispersion 
is achieved utilizing thermal heating. 

[0021] in yet another embodiment, polymerizing the dispersion is 
achieved utilizing Ionizing gamma radiation. 

[0022] in a preferred embodiment, the solvent is methylene chlo- 
ride. 

[0023] in an additional embodiment, the volume of methylene 
chloride establishes a 5% dissolved composite solution. 
Other concentrations may be consideredln another em- 
bodiment, the composite is post-cured prior to dissolving 
in the solution. 

[0024] in an additional embodiment, isolating the nanocomposite 
film is achieved by removal of the solvent after the dis- 
solving step. 

[0025] in a preferred embodiment of the present invention, a 
method of preparing a polymer-carbon nanotube com- 
posite is provided. The method comprising of deinhibiting 



methyl methacrylate monomer, placing single-wall carbon 
nanotubes into the deinhibited monomer to form a nan- 
otube mixture, sonicating the nanotube mixture for a du- 
ration sufficient to disperse the nanotubes in the 
monomer, placing the dispersed mixture into a reaction 
vessel, adding the photoinitiator, 

l-phenyl-2-hydroxy-2-methyl-l propanone, to the reac- 
tion vessel, bubbling nitrogen gas through the mixture for 
a duration sufficient to allow a nitrogen environment in 
the system, polymerizing the monomer in the presence of 
the dispersed nanotubes to produce a composite, and 
dissolving the resulting composite in methylene chloride. 

[0026] | n an additional embodiment, the monomethyl ether hy- 
droquinone inhibitor is removed from the methyl 
methacrylate monomer to deinhibit the monomer. 

[0027] in another embodiment, the single-walled carbon nan- 
otubes are 0.26% pure single-walled carbon nanotubes. 

[0028] in an additional embodiment, polymerizing is achieved 
utilizing ultraviolet light. 

[0029] in yet another embodiment, polymerizing is achieved uti- 
lizing thermal heating. 

[0030] in another embodiment, polymerizing is achieved utilizing 
Ionizing gamma radiation. 



[0031] The process described by the present invention produces 
a substantially optically transparent polymer carbon nan- 
otube composite. 

[0032] A n advantage of the present invention is the effective dis- 
persion of carbon nanotubes into a polymer matrix. The 
present invention discloses a novel method by which dis- 
persion through sonication, polymerization by UV radia- 
tion, thermal heating or Ionizing gamma radiation, and 
dissolution in methylene chloride produces a solution 
used to prepare PMMA/SWNT composite films with vari- 
able degrees of transparency. 
Brief Description of Drawings 

[0033] For a fuller understanding of the nature and objects of the 
invention, reference should be made to the following de- 
tailed description, taken in connection with the accompa- 
nying drawings, in which: 

[0034] Figure 1 illustrates the a cleavage in which this photoini- 
tiator undergoes exposed when exposed to uv light. 

[0035] Figure 2 illustrates uv-vis spectra of all composites pre- 
pared by all three polymerization processes. 

[0036] Figure 3 illustrates the uv-vis spectra of the UV polymer- 
ized neat PMMA and PMMA/SWNT compared to the melt- 
blended composites PMMA/SWNT composite. 



[0037] Figure 4 provides a table illustrating the refractive indices 
of the neat and composite samples for each polymeriza- 
tion method. 

[0038] Figure 5 provides a table illustrating the dielectric con- 
stant of neat PMMA and the composite samples. 

[0039] Figure 6 provides a table illustrating the Differential Scan- 
ning Calorimetry data for the UV, Heat and gamma poly- 
merized neat PMMA and PMMA/SWNT nanocomposites. 

[0040] Figure 7 illustrates the Differential Scanning Calorimetry 
plot of the UV polymerized neat PMMA and the PMMA/ 
SWNTcomposite. 

[0041] Figure 8 illustrates the Differential Scanning Calorimetry 
plot of the oven polymerized neat PMMA and the PMMA/ 
SWNTcomposite. 

[0042] Figure 9 illustrates the Differential Scanning Calorimetry 
plot of the Ionizing (gamma) radiation polymerized neat 
PMMA and the PMMA/SWNTcomposite. 

[0043] Figure 10 is a flow diagram of a preferred embodiment of 

the process of the present invention. 
Detailed Description 

[0044] The present invention provides a preparation process for 
polymer carbon nanotube composites exhibiting high re- 
tention of optical transparency and high electrical con- 



ductivity. 

[0045] Carbon nanotube composites exhibit enhanced properties 
such as strength and stiffness. It has been shown through 
Dynamic Mechanical Analysis that poly (methyl methacry- 
late)/multi-walled carbon nanotubes composites charac- 
terize moduli that increase with nanotube concentrations 
from 4% to 26%. 

[0046] it has been documented that the dielectric permittivity of 
poly ( methyl methacrylate) and other insulating polymers 
has been shown to increase significantly by the addition 
of single walled carbon nanotubes (SWNTs). 

[0047] The chemical modification of nanotubes further broadens 
their uses in polymeric composites. Experimental results 
indicate that certain free radical initiators open tt bonds in 
carbon nanotubes. Indeed, when present during the poly- 
merization of methyl methacrylate, carbon nanotubes 
have been shown to participate in the polymerization pro- 
cess. 

[0048] The polymer matrix, poly (methyl methacrylate) (PMMA), is 
obtained from the free radical polymerization of the vinyl 
monomer methyl methacrylate. PMMA is a clear thermo- 
plastic that is used as a replacement for glass where a 
shatterproof material is needed. The industrial names for 



PMMA are PLEXIGLASS and LUCITE. Due to its increased 
use in many applications that result in exposure to solar 
energy and ionizing radiation, PMMA is a well- 
characterized polymer. It is within the scope of the 
present invention to utilize PMMA in addition to other 
polymers. 

[0049] The following examples are provided for illustrative pur- 
poses and do not serve to limit the scope of the invention. 

[0050] The composites according to the present invention were 
prepared by first removing the inhibitor in the methyl 
methacrylate monomer with monoethyl ether hydro- 
quinone inhibitor remover. Pure single-walled carbon 
nanotubes provided by NASA Ames Research were placed 
in the deinhibited methyl methacrylate monomer. The 
mixture was sonicated with a Branson Sonifier 450 until 
the nanotubes were finely dispersed in the monomer. 
0.5% (w/w) of the initiator, 

l-phenyl-2-hydroxy-2-methyl-l propanone, were 
added. The initiator, l-phenyl-2-hydroxy-2-methyl-l 
propanone, is an a— a dialkyl derivative of a hydrox- 
yalkylphenone. Nitrogen gas was bubbled through the 
mixture for one minute. 
[0051] The sample was then allowed to polymerize utilizing one 



of three different polymerization methods: UV light, heat 
and gamma radiation. Utilizing UV light, the sample was 
polymerized under UV light (220-280nm) for five hours. 
The sample was placed 19 mm from the UV source. Utiliz- 
ing the gamma polymerization method, a cesium-137 
gamma source was used to expose the sample to ionizing 
radiation for 41 hours at a dose rate of 985 rads/min and 
a total dose of 2.42 Mrads. Utilizing the oven polymer- 
izatin method, the sample was heated in an oven at 70°C 
for 16 hours. 

[0052] After polymerization, the sample was allowed to post- 
cure in the oven for 4 hours at a temperature of 70°C. 
Neat PMMA samples were also prepared via all three 
methods. The sample was then dissolved in methylene 
chloride to make a 5 % solution (w/w).After the sample 
dissolved completely, films were prepared for analysis by 
solvent evaporation. The film thickness ranged from 
0.08mm 1.5 mm. The films were heated in a vacuum oven 
with a liquid nitrogen trap for eight days at a temperature 
of 80°C to remove any residual solvent. The light grey hue 
of the solution provided visual indication that nanotubes 
were present in the solution. Images were captured on the 
Scanning Electron Microscopy (SEM) to insure that the car- 



bon nanotubes were in fact present in the solution. The 
transparent polymer-nanotube composites were used to 
cast films of the composite solution before the nanotubes 
reagglomerated. 
[0053] ultraviolet-visible spectroscopy (UV-VIS) is used for the 
detection of atoms and molecules with transitions be- 
tween electronic energy levels from 200nm to 800nm, 

* * 

specifically n-»TT or tt-»tt . Although absorption and % 
transmittance can be obtained from the UV-VIS, transmit- 
tance data was desired. The % transmittance is defined as 
the amount of light that passes through the sample. Mea- 
suring the % transmittance allows for the determination of 
the degree of transparency of the sample. Thus, trans- 
parencies of these films were quantified by measuring the 
UV-VIS transmittance. Ultraviolet-visible spectroscopy was 
performed with an HP 8452A spectrophotometer. Air 
served as the blank and the film disc was used to obtain 
the spectra. Solvent evaporated films with a thickness of 
0.005 in. were obtained in order to perform uv-vis analy- 
sis. Figure 2 shows the uv-vis spectra of all composites 
prepared by all three polymerization processes: oven 
polymerized, UV polymerized, and Gamma polymerized. 
The neat PMMA exhibited a transmittance above 80% at 



300 nm. The polymerized composites showed a 60% 
transmittance at 300nm, whereas a melt-processed com- 
posite used for comparison had a 0% transmittance (not 
shown) for all wavelengths (200nm-800nm). There is in- 
dication of C=0 absorption present around 280 nm. The 
spectra for the UV polymerized neat PMMA and the 
PMMA/SWNT composite and the melt-blended PMMA/ 
SWNTcomposite are shown in Figure 3. From the spectra, 
it is apparent that the carbonyl group from the poly 
(methyl methacrylate) exhibits a bathochromic shift for 
the composite samples. This occurance is attributed to the 
interaction of the carbon nanotubes with the PMMA ester 
side group and the behavior of the photolytic (uv and 
gamma) and thermal (oven) polymerization effects. The 
fabrication of a PMMA/SWNT composite with a transmit- 
tance above 50% is the most transparent film known to 
date. Through reproducible experiments, it has been 
proven that through a combination of dispersion through 
sonication, in situ polymerization and dissolution, thin 
films with varying degrees of transparency can be 
achieved. To date this is the first use of these combining 
steps to disperse nanoparticles in a polymer matrix to 
achieve transparent film.. 



[0054] Solvent evaporated films with a thickness of 0.005 in. 

were measured on an Index Instruments CLR 12-70 con- 
tact lens refractometer to obtain the refractive index val- 
ues. The refractive index measures the amount of refrac- 
tion caused when light passes through a medium. The re- 
fractive index of PMMA is known to be 1.49. The table of 
Figure 4 illustrates the refractive indices of the neat and 
composite samples for each polymerization method. The 
refractive indices for the composite samples were consis- 
tently lower than their neat counterparts. The UV poly- 
merized composite had a refractive index of 1.4913 and 
the neat PMMA had a refractive index of 1.4916. The re- 
fractive index for the composite sample is lower than the 
neat. Although there is a presence of carbon nanotubes in 
the sample, the difference of .0003 in the refractive index 
between the neat PMMA and the composites shows that 
the optical behavior of the composite is similar to the 
neat. Thus, achieving a composite with desired properties 
beneficial to optics. 

[0055] The Dielectric Analysis (DEA) is an instrument that mea- 
sures capacitance, a substance"s ability to store energy, 
and conductance, a substance"s ability to transfer electri- 
cal charge. Capacitance and conductance are measured as 



a function of time, temperature, and applied frequency. 
The DEA evidences two clear relaxations, in PMMA,the a 
and 3 relaxations. The a is the segmental motion of the 
polymer main chain. The 3 is the movement of the ester 
group about the carbon-carbon bond. PMMA also has an 
ap relaxation which is the result of main chain slippage at 
high temperatures and high frequencies merged with the 
dominate 3 relaxation. Dielectric data was collected on a 
TA Instruments 2970 DEA. A temperature range between 
200°C to -150°C in increments of -5°C was used under a 
nitrogen purge. Parallel plate sensors were used. Frequen- 
cies ranged from 1 Hz to 1.0 x 10 5 Hz. A maximum force 
of 250 N was applied to the samples with the thickness 
ranging from 0.4 to 1.7mm. Samples were compression 
molded in a carver press at 3000 pounds of pressure and 
a temperature of 275°F. Dielectric Analysis measure per- 
mittivity, also referred to as dielectric constant, measures 
the amount of alignment of the dipoles in an electric field. 
As shown in the table of Figure 5, the permittivity in- 
creased for the composite samples as compared to the 
neat samples. The permittivity was taken at 100 Hz and 
25°C. The permittivity increased for the UV polymerized 
composite and melt blended composite samples as com- 



pared to the UV polymerized neat PMMA sample. The di- 
electric constant values from DEA can be correlated to the 
refractive index values to better understand both the elec- 
tronic nature of the polymer and the effect of the carbon 
nanotubes in the composite. This can be expressed 

2 

through MaxwelTs Relationship (e =n ), which states that 
if a sample is a non-polar insulator, the dielectric con- 
stant can be expressed in terms of the refractive index 

2 

squared. Accepted n values for PMMA is 2.22. Accepted 
e" values for PMMA range from 2.6-3.7. The UV polymer- 

2 

ized composite had an n value of 2.2239 and a e" value 
of 7.2933 (taken at 100 Hz and 25 °C). Literature states 

2 

that a large disparity between e and n may be a result of 
permanent dipoles and semi-conductive character in the 
samples. PMMA has permanent dipoles in the ester side 
group and it has been stated in literature that one third of 
carbon nanotubes are metallic and the remaining two 
thirds are conducting.This behavior from the carbon nan- 
toubes compounded with the existing permanent dipoles, 
lead to the conductive nature of the composite; thus ex- 
plaining the high dielectric constant of the UV composite 
as compared to the UV polymerized neat sample and the 
accepted literature value. The UV polymerized sample ex- 



hibited the largest increase in % change in permittivity, 
while the oven and gamma polymerized samples showed 
a similar percent change.As shown in the table of Figure 
6, glass transition temperatures (Tg) of the polymer sam- 
ples were obtained on a TA 2920 Differential Scanning 
Calorimeter (DSC). A sample amount between 2-10 mg 
was obtained from the solvent evaporated film. The sam- 
ple was heated to 145°C at a heating rate of 10°C per 
minute to insure that all samples had the same thermal 
history. Then the sample was cooled with liquid nitrogen 
to room temperature and heated to 145°C. The Tg values 
were taken from the second heat. The table of Figure 5 
shows the class transition temperatures for all six sam- 
ples. Although it has been stated in literature that the 
glass transition temperature of the polymer matrix in- 
creases with the addition of single wall carbon nanotubes, 
the increase is not significant at such low concentrations. 
The glass transition temperatures are shown by the 
graphs of Figures 7,8, and 9. A higher loading of the nan- 
otubes would create a composite that can be used in high 
temperature applications. 
[0056] Based on the findings stated above, a thin film composite 
of poly (methyl methacrylate) and single- walled carbon 



nanotubes has been successfully fabricated with increased 
transparency and increased dielectric constants. 

[0057] | t w j|| De seen t hat the objects set forth above, and those 
made apparent from the foregoing description, are effi- 
ciently attained and since certain changes may be made in 
the above construction without departing from the scope 
of the invention, it is intended that all matters contained 
in the foregoing description or shown in the accompany- 
ing drawings shall be interpreted as illustrative and not in 
a limiting sense. 

[0058] it is also to be understood that the following claims are 
intended to cover all of the generic and specific features 
of the invention herein described, and all statements of 
the scope of the invention which, as a matter of language, 
might be said to fall there between. Now that the inven- 
tion has been described, 



